Spectral features induced by 45 • in-plane misoriented grains have been observed in the far infrared magneto-transmission of YBa 2 Cu 3 O 7−δ thin films.
The electronic properties of superconductors are strongly affected by the application of magnetic fields. The effects range from the quantum interference in Josephson junctions to dissipation in current carrying wires. These effects present interesting physical questions as well as important challenges for superconductivity applications. For example the Hall coefficient is generally observed to reverse sign in the superconducting state, and in some cases even reverse back before vanishing at temperatures well below T c due to pinning of the vortex lattice [1] . This behavior is known to be a consequence of the complex dynamics of vortex motion in the presence of viscous and pinning forces but is not yet well understood [2, 3] . Indeed controversies about such fundamental issues as the vortex effective mass [4] and the magnetic force on the moving vortex [2] remain unresolved after decades of study of vortex dynamics. The early theories were essentially phenomenological but recently efforts have been devoted to the development of theories of vortex dynamics based on microscopic physics [5, 6] . The phenomenological models have been extensively employed in describing the microwave losses [7] . Since many of the characteristic frequencies of the vortex system lie above microwave frequencies, recent high frequency measurements on high T c superconductors have greatly expanded the available phenomenology of this subject. Pulsed terahertz experiments on YBa 2 Cu 3 O 7−δ (YBCO) have shown a strongly temperature dependent ac Hall signal that has been interpreted in terms of the response of thermally excited quasiparticles near the nodes of a d-wave gap in YBCO [8] . At higher frequencies (but below the IR gap) two chiral resonances have been reported above which the system exhibits free hole-like optical activity [9, 10] . The chiral resonances have been identified as the pinning resonance and the vortex core resonance within a clean limit theory of vortex dynamics developed by T. C. Hsu [5] . In this picture the bare resonances are hybridized with the underlying cyclotron resonance of the holes and they are observable only because of the presence of the vortex pinning.
In this paper we present an investigation of the far infrared (FIR) magneto-optics of YBCO films containing large-angle misoriented in-plane grains. The grain boundaries provide a reduced symmetry for pinned vortices which can be expected to alter the selection rules for optical transitions in the vortex core. However, grain boundaries are also known to modify the electronic properties of superconductors even in zero magnetic field. The microstructure of various types of grain boundaries in YBCO films have been studied by electron energy loss spectroscopy (EELS) together with transmission electron microscopy (TEM) [11] [12] [13] . Hole depletion is found that extends as far as 60Å from asymmetric grain boundaries, whereas for symmetric grain boundaries the hole density remains essentially constant. They can act as weak link Josephson junctions and enhance the microwave losses [14, 15] . In long junctions standing wave Josephson modes can be excited leading to Fiske steps in the I-V characteristics [16] . Also, spectral features in the tunneling conductance have been reported on a single grain boundary [17] . Both of these effects are strongly perturbed by the application of a magnetic fields [16, 17] .
We report far infrared magneto-optical transmission measurements on YBCO films with varying densities of 45
• oriented grains [18] . Induced resonant spectral features are observed superposed on magneto-optical features observed on samples with low densities of 45
• grains reported earlier and discussed in terms of vortex dynamics. [10, 19] The magnetic field dependence and temperature dependence of the spectra are studied and the spectral line shapes of the induced features are analyzed using a Lorentzian oscillator curve fitting. The possible origin of these resonances is discussed. and 160 cm −1 . The transmission coefficient is related to the conductivity by
is the circularly polarized conductivity in hole cyclotron resonance (hCR) active (inactive, or eCR) mode, d is the thickness of the YBCO film, Z 0 is the free space impedance and n is the refractive index of the silicon substrate. The elliptically polarized transmission data was transformed to the circular polarized response,
, using a calibration of the polarizer efficiency based on the cyclotron resonance of a two dimensional electron gas in a high mobility GaAs quantum well [9, 21] . Since the efficiency of the polarizer is a slowly varying function over a wide frequency range, the unfolding introduces little error to the spectral features except when the polarizer is close to the half waveplate condition at about 130 cm −1 . A more detailed description of the experiment and data manipulation is given elsewhere [9, 10, 19] .
The transmission ratio T ± (H)/T (0) of samples from Class (1) and (2) The measurement errors become large below 40 cm −1 due to the low transmitted intensity and in the region between 125∼140 cm −1 due to a quartz phonon and the half waveplate condition of the polarizer. The transmission curves of Class (1) samples are generally smooth except a for a small broad peak feature at 65 cm −1 in the eCR mode and a sharp rise below 50 cm −1 in the hCR mode. In addition, the transmission ratio approaches unity approximately as ω −1 at high frequencies in both modes. These features have been observed in many high quality YBCO samples and they are qualitatively independent of the detailed sample quality, growth technique and choice of substrates. As can be seen from the figure these spectral features are also present in Class (2) samples. We have attributed these canonical features to the electrodynamic response of pinned vortices [10, 19] .
The conventional theories of vortex dynamics do not properly describe the far infrared magneto-optical response of class (1) samples [7] . In these theories the conductivity has only one resonance and it is at zero frequency with a width that depends on vortex viscosity η.
In particular, the optical activity T + (H)/T − (H) observed in the FIR experiments is absent.
A recently developed clean limit theory of vortex dynamics by T. C. Hsu does successfully describe the FIR experiments on class (1) samples [5, 10] . In Hsu's picture, the small feature in T + (H)/T (0) at 65 cm −1 is due to the hybridized vortex core resonance and the sharp rise below 50 cm
is the high frequency part of the hybridized pinning resonance. The experiments do not measure down to sufficiently low frequencies to fully resolve this pinning resonance [22] . The high frequency optical activity is a consequence of these two chiral resonances.
Comparing the spectra of the two classes of samples, several differences are observed and these differences are the subject of this paper. There are several induced dispersive features, centered around 80, 116, and 160 cm −1 , superimposed on spectra of the class (1) We suggest that these induced spectral features are due to vortex core excitations. According to T. C. Hsu the dipole transitions between the quasiparticle levels in the vortex core are suppressed when the system is translationally invariant [5, 23] . The addition of a symmetric pinning potential breaks the translational symmetry and induces the angular momentum conserving lowest vortex core transition. However, for vortices pinned at a grain boundary the rotational symmetry is also lost allowing, in principle, violation of the angular momentum selection rule and the higher energy transitions [24, 25] .
For the interpretation in terms of vortex dynamics we consider two scenarios. In the first we take the feature at 65 cm −1 in T + (H)/T (0) as the fundamental of the vortex core resonance. This follows from extensive studies of the magneto-optical properties of Class (1) films which also show this feature [10, 19] . Within the Hsu model the vortex core resonance is hybridized with the pinning resonance. The corresponding core level spacinghΩ 0 = E 1/2 − E −1/2 is about 40 cm −1 (where µ = ±1/2 are the angular momentum quantum number of vortex core levels). The higher frequency resonances are then the ∆µ > 1 transitions induced by the grain boundaries. In s-wave BCS theory these resonances occur at near multiples of Ω 0 ifhω ≪ 2∆. In this scenario the resonance at 80 cm −1 is the second harmonic, corresponding to the transition from µ = −1/2 to µ = +3/2 or µ = −3/2 to µ = +1/2. As one can see from the curve fitting described later, this 80 cm −1 feature appears to be split into a doublet. This splitting may arise from the lifting of the degeneracy of the two transitions due to the grain boundary. The dispersive features at 116 cm −1 and 160 cm −1 , occur in both modes with nearly equal strength. We conjecture that these features are the third and fourth harmonics of the vortex core resonance. However, a splitting such as observed on the second harmonic may also play a role in these transitions, for example, they could be the split third harmonic.
In the second scenario, we regard the 80 cm −1 feature as the fundamental resonance of the vortex core, the transition from µ = −1/2 to µ = +1/2. According to the dipole selection rules, this resonance should occur in the hCR mode, as observed [24] . In this case the splitting must come from two different types of sites for the vortices on the grain boundaries. Then the features at 116 cm −1 and 160 cm −1 are the split second harmonic.
However, this interpretation seems to produces a paradox. If the 65 cm −1 feature in the eCR mode in both Classes of samples is also related to the fundamental of the vortex core resonance, why does the resonance occur at two different frequencies? This problem may be resolved by depolarization shifting of the allowed resonance. Zhu et al. [24] have examined the depolarization effect on the response due to the inhomogeneous conductivity of the vortex system. The resonance frequency 2E 1/2 can be redshifted to 2(1 − κ)E 1/2 in which κ is estimated to be 0.43. This would imply, for the dipole allowed transition, that those vortices in the bulk participate in the response as described by Hsu but are subject to the depolarization effect, while those vortices pinned by 45
• grain boundary give rise to a weakly allowed resonance that is not depolarization shifted. A possible difficulty with this interpretation is that the dipole resonance is quenched by the vortex motion, according to Hsu, so that the depolarization shift may, in fact, be small.
The temperature dependence of the magneto-optical spectra from a Class (2) samples is shown in Figure 4 . The unpolarized transmission ratio T (9T )/T (0) is shown for a sample similar to the one used for the low temperature data in Figure 1 . In these spectra the resonance at 80 cm −1 is not as well resolved because the grain boundary induced features in this sample are weaker and they are mixed with the low frequency rise of the pinning resonance. However, we see that the structures at 110 cm −1 and 160 cm −1 are present and they are seen to persist up to very high temperatures, remaining discernible at 55
Moreover, the frequency positions of these features do not shift with temperature. This behavior is very different than predictions for vortex core excitations within the BCS swave theory. In this case calculations have shown that when the temperature is comparable
becomes thermally populated with quasiparticles and the self-consistent gap function begins to change its shape. The vortex core broadens and the quasiparticle energy level spacings decrease. The observed behavior would require the gap function in YBCO to be nearly temperature independent as has also been reported from infrared reflectivity measurements [26] . Also, we note that for the case of d-wave superconductors the quasiparticle levels in the vortex core have a number of significant differences from the s-wave case. In addition to the set of localized levels similar to that found in s-wave superconductors there are also continuum levels and additional high energy levels outside the core that are associated with s-wave admixture induced by the vortex [27, 28] . Therefore, another possibility is that the high frequency features are related to these levels.
To gain further insight into the nature of these grain boundary induced optical features we have studied their spectral line shapes. We have modeled the conductivity function of the system in terms of Lorentzian oscillators. We start with the analysis of the spectra of the class (1) samples. These spectra can be modeled in terms of Hsu's conductivity function [5, 10] or equivalently as two finite frequency oscillators and a zero frequency delta function. To model the class (2) samples we first fit the 12T data in Figure 2 to the Hsu conductivity or its Lorentzian equivalent. The resulting Hsu fitting parameters are
We have then added Lorentzian oscillators to this conductivity function to model the grain boundary induced dispersive features. We have included four new oscillators to model the system
in which
where f ± i represents the strength of the ith oscillator in two polarization modes. The parameters from the fit are shown in Table I . The results of these fits are shown in Figure   3 . We have assumed that there is no contribution in the eCR mode from the first two oscillators near 80 cm −1 (That is, f [17] reported periodic structure in the conductance of similar grain boundaries at higher voltages whose field dependence is on a much larger scale. Conductance peaks are found at about 2.4, 4.7, 7.2, and 9.5 mV and they have a very peculiar magnetic field dependence. They find that the conductance peak at 9.5meV is suppressed when a parallel magnetic field is applied (at about 2T) and is shifted when a perpendicular field is applied. These effects are not understood but the authors suggest that they may be related to quasiparticle levels in the junction. From BCS calculations De Gennes et al. [29] predicted quasiparticle levels below the bulk gap in S-N junction that depend on the details of the junction.
However, it does not appear to be possible to relate these effects to our FIR results.
This would require that the observed spectral features be present in zero field and become suppressed in applied magnetic fields. However, we do not observe any such features of the required strength in our zero field transmission spectra as can be seen in the inset of Figure   2 . We assume, for example, that there is a zero field structure of 30% which diminishes linearly with field, it would give rise to a 10% change in transmission at 10T (See Fig. 2) and go to zero at ≃ 30T. For the Josephson standing waves this would imply a junction of length less than 10Å which is unreasonably small. In general it is difficult to obtain a characteristic field of 30T since H c2 ∼150T. Also, we note that the reproducibility of the observed spectral features would require a reproducible ordered morphology of the grain boundaries.
From these considerations we believe that these grain boundary related far infrared features are induced by the magnetic field. Therefore it appears that the picture in which these features are vortex core excitations brought about by vortex pinning at 45
• grain boundaries is the most plausible interpretation of these magneto-optical experiments. Because 
